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Edited by Michael R. SussmanAbstract Functional analysis of heterologously expressed Ta-
TIP2;2 by means of stopped-ﬂow spectrometric studies provide
evidence for water and ammonia conductivity. A series of exper-
iments under increasing pH indicate that the gaseous NH3,
rather than the ammonium ion NHþ4 was transported. Results
from inhibitor studies strongly suggest that NH3 is not trans-
ported in ﬁle with water, but through a separate pathway, which
could be supplied by the 5th central pore in a tetramer conforma-
tion.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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ﬂow spectrometry1. Introduction
Aquaporins (AQP) are membrane proteins that passively
conduct water, small hydrophilic molecules such as urea and
glycerol or gases [1–3]. To date, 13 types of aquaporins, named
AQP0–AQP12, have been found in mammals. In plants, aqu-
aporins, respectively, membrane intrinsic proteins (MIP) are
more abundant and show greater diversity than in animals
or bacteria [4]. MIPs are located in plasma- and organelle-
membranes. Initially, the TIP-subfamily of plant aquaporins
was identiﬁed as tonoplast intrinsic proteins. However, the cel-
lular localization of some TIPs appeared to be rather complex
and not restricted to the vacuolar membrane [5]. Besides their
function as water conducting membrane pores, TIPs from
wheat (TaTIP2;1) and Arabidopsis thaliana (AtTIP2;1 and At-
TIP2;3) were shown to also facilitate transport of ammonia
across membranes [6,7]. Expression of these TIPs in yeast re-
stored growth of an ammonium uptake deﬁcient strain on
low concentrations of NH4Cl as the sole nitrogen source. Also
the human aquaporins AQP8, AQP9 and AQP3 support sig-
niﬁcant ﬂuxes of NH3 when heterologously expressed [8] as
well as multifunctional aquaporins from Plasmodium, Toxo-
plasma or Trypanosoma exhibiting permeability for water,
urea, small polyols [9]. In Xenopus oocytes, AQP8, AQP9,
AQP3 and TIP2;1 supported inwards currents carried by
NHþ4 under voltage-clamp conditions, provided suﬃcient
NH3 was present in the external solution. The observed
NHþ4 inward current was associated with oocyte swelling.
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doi:10.1016/j.febslet.2007.10.034analysis that was supported by voltage clamp studies revealed
a conductivity for NH3 and water rather than for NH
þ
4 [10]. It
was concluded that the AQP8 facilitated NHþ4 transport ob-
served in oocytes relied on secondary eﬀects related to rapid
NH3 transport in this system. Since the NH3 permeability ex-
ceeds that of water twofold it was suggested that ammonia
transport might be the main function of AQP8. Because the
molecular mechanism for nitrogen ðNH3=NHþ4 Þ transport by
aquaporins has not yet been resolved, we have performed a
careful functional analysis of the wheat TaTIP2;2, which has
also been shown to restore growth of yeast ammonium trans-
porter mutants on ammonium as the sole nitrogen source un-
der alkaline growth conditions [6].
Our data from functional analysis of heterologously ex-
pressed TaTIP2;2 by means of stopped-ﬂow spectrometeric
studies provide clear evidence for water and NH3 conductivity,
rather than conductivity for NHþ4 . Results from inhibitor stud-
ies strongly suggest that NH3 is not transported in ﬁle with
water, but through a separate pathway, which could be sup-
plied by the 5th central pore in a tetramer conformation.2. Materials and methods
2.1. Yeast strains used in this study
Strains used in this study were 31019b [11], MATa ura3 mep1D
mep2D::LEU2 mep3D::KanMX2, which is derived from strain
R1278b [12]. This strain is deﬁcient in NHþ4 uptake and therefore ex-
pected to be ideal for analyzing transport of NH3=NH
þ
4 mediated by
heterologously expressed aquaporins. The protease deﬁcient strain
BJ5458 [22], MATa ura3-52 trp1 lys2-801 leu2-D1 his3-D 200 pe-
p4::HIS3 prb1-D1.6R can1 GAL, has been used since it was reported
not to exhibit functional endogenous aquaporins. In this strain,
AQY1 bears mutations in two structurally important amino acids,
V121M and P255T, which render the gene product inactive. The sec-
ond yeast aquaporin, AQY2, is also not translated as a functional
water channel, since it has a stop codon at position 150, which is
caused by deletion of 11 bp [13]. Function of the plant aquaporin Ta-
TIP2;2 was analyzed in the ammonium uptake deﬁcient yeast (31019b
[11]) harboring a high copy plasmid (pYES2.1-TOPO, Invitrogen) with
the TaTIP2;2 under control of the inducible GAL1 promoter.
2.2. Protoplast preparation
Yeast protoplasts were prepared as described previously [14]. Brieﬂy,
cultures were grown in liquid SD-ura or SGal-ura on a rotary shaker
for 18 h (250 rpm, 30 C). Cells from a 10-ml aliquot were spun down
(500 · g, 5 min), resuspended in 3 ml of equilibration buﬀer (50 mM
potassium phosphate at pH 7.2, containing 40 mM b-mercap-
toethanol) and equilibrated on a rotary shaker at 30 C, for 15 min.
Six ml of digestion buﬀer (50 mM potassium phosphate at pH 7.2,
40 mM b-mercaptoethanol, 2.4 M sorbitol, 50 mg/ml bovine serum
albumin, 0.1–1 mg Zymolyase 20T) was added, the mixture was vor-
texed and incubated on a rotary shaker for 45 min at 30 C. Protop-
lasts were harvested by centrifugation (1000 · g, 5 min), resuspended
in incubation buﬀer (1.8 M sorbitol, 50 mM NaCl, 5 mM CaCl2,
10 mM Tris brought to pH 8 with HCl) and kept on ice until use.blished by Elsevier B.V. All rights reserved.
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Cells from a 10-ml aliquot were harvested by centrifugation at
500 · g for 5 min, washed in loading buﬀer (50 mM HEPES NaOH
pH 7.0, 5 mM 2-deoxy-glucose), centrifuged and resuspended in load-
ing buﬀer containing 50 lM Fluoresceine-diacetate (Sigma–Aldrich).
For eﬀective uptake of the membrane permeable Fluoresceine-diace-
tate, yeast cells were incubated for 10–30 min at 30 C. The yellow sus-
pension was centrifuged at 500 · g (5 min), washed with ice cold
incubation buﬀer (50 mM NaCl, 10 mM Tris brought to pH 8 with
HCl), centrifuged again, resuspended in incubation buﬀer and kept
on ice until use.
2.4. Stopped-ﬂow spectrometry
Volume changes in yeast protoplasts, resulting from transmembrane
water transport, were followed by 90 light scattering at 436 nm in a
stopped-ﬂow spectrophotometer (SFM 300, BioLogic). Yeast protop-
lasts were equilibrated in incubation buﬀer (1.8 M sorbitol, 50 mM
NaCl, 5 mM CaCl2 and 10 mM Tris/HCl, pH 8.0) and water transport
was started by mixing the equilibrated protoplast suspension with an
equal volume of test solution which had the same ionic composition
but a lower osmolarity (1.2 M sorbitol). This results in an outwardly
directed osmotic gradient inducing water uptake and volume increase,
which gives rise to a decrease in the intensity of the scattered light. Sin-
gle- and multi-exponential functions were ﬁtted to the data and the os-
motic permeability coeﬃcient Pf was calculated using the following
equation:
P f ¼ 1s 
V 0
S0  V w  Cout
where s is the time constant for the exponential decay, V0 the initial
mean protoplast volume, Vw the partial molar volume of water
(18 cm3 mol1), S0 the initial mean protoplast surface area and Cout
the external osmolarity after the mixing procedure. The initial diameter
of the protoplasts in 1.8 M sorbitol was about 4.5 lm, as determined
by light microscopy.
Intracellular pH changes in intact yeast cells, resulting from uptake
of NH3 or NH
þ
4 , leads to changes in ﬂuorescence intensity of ﬂuores-
cein, which was monitored in a stopped-ﬂow spectrophotometer (SFM
300, BioLogic) using 490 nm excitation in combination with a cutoﬀ-
ﬁlter of 515 nm. Cells equilibrated in the incubation buﬀer (50 mMFig. 1. Transport of water and NH3 in yeast assayed in stopped-ﬂow experim
3D) carrying a high copy plasmid (pYES2.1-TOPO) with the wheat TIP2;2 un
was ‘‘induced’’ by growing the cells overnight in SGal/Raf-ura or ‘‘not induc
buﬀer containing 1.8 M sorbitol and subjected to a 300 mosmol hypotonic shi
of the protoplasts. (B) Intracellular alkalinization indicated by an increase i
NH4Cl (pH 8.0) to the external medium at 20 C. Fluorescence was recorded
respective time expansions of the 1st second.NaCl, 10 mM Tris/HCl, pH 8) were mixed with an equal volume of
the test solution containing (50 mM NH4Cl, 1 mM Tris/HCl, pH 8),
resulting in an inwardly directed gradient for NHþ4 and NH3. The ini-
tial slope of the resulting pH-change, monitored as a change in ﬂuores-
cence intensity, can be used to estimate the changes in the permeability
coeﬃcient for NH3 or NH
þ
4 .3. Results
Function of the plant aquaporin TaTIP2;2 was analyzed in
ammonium uptake deﬁcient yeast (31019b [11]) harboring a
high copy plasmid (pYES2.1-TOPO, Invitrogen) with Ta-
TIP2;2 under control of the inducible GAL1 promoter. Cells
grown in glucose (not induced) exhibited slow volume increase
in response to a 300 mosmol hypotonic shift, as indicated by
the slow decrease (s  3) in scattered light intensity
(Fig. 1A). Expression of TaTIP2;2 (induced) drastically in-
creased the velocity of volume change (s  20 ms), demon-
strating function of the wheat aquaporin in water transport
across the yeast plasma membrane. Analysis of the light scat-
tering kinetics as depicted in Fig. 1A, yielded osmotic water
permeability coeﬃcients at 20 C of 7.28 ± 0.84 · 104 cm s1
for control yeast not expressing the plant aquaporins and
12.8 ± 1.1 · 102 cm s1 for the TaTIP2;2 expressing yeast
strain.
In the absence of the plant aquaporin, application of 25 mM
NH4Cl at pH 8 elicited a very slow intracellular alkalinization,
as indicated by the slow increase (0.03 s1) in ﬂuorescence
intensity (Fig. 1B), which was some 40-fold faster (1.3 s1) in
cells expressing TaTIP2;2. The observation that addition of
NH4Cl to the external medium gives rise to an intracellular
alkalinization, suggests that NH3, rather than NH
þ
4 is the
transported substrate. This assumption was supported by com-ents. Experiments were performed with the yeast strain 31019b (mep1–
der control of the inducible GAL1 promotor. Expression of TaTIP2;2
ed’’ by growing the cells in SD-ura. (A) Protoplasts were suspended in
ft at 20 C. Decrease in the intensity of scattered light indicates swelling
n the ﬂuorescence intensity resulting from sudden addition of 25 mM
from intact cells loaded with ﬂuorescein. Insets in (A) and (B) represent
Fig. 2. Arrhenius plots displaying rate constants for water (A) transport and initial slope of intracellular pH change resulting from transport of NH3
(B) as a function of temperature. Stopped-ﬂow experiments as in Fig. 1 were performed in the 31019b strain expressing (‘‘induced’’) or not expressing
(‘‘not induced’’) TaTIP2;2. Each data point represents the means ± S.D. from three independent experiments, except for the upward and downward
triangles in (A), which are two individual experiments from strain BJ5458, lacking functional endogenous aquaporins. Activation energies were
calculated from the slope of the exponential curves. (A) For calculation of the rate constants describing water transport, 10 traces each as shown in
Fig. 1A are averaged and described by exponential functions. (B) Initial slopes of intracellular alkalinization resulting from the uptake of NH3 was
determined from 10 averaged traces each, scaled to unity. Experimental conditions as in Fig. 1, except for the temperature.
A. Bertl, R. Kaldenhoﬀ / FEBS Letters 581 (2007) 5413–5417 5415paring the concentration of the potential nitrogen species
(NH3 and NH
þ
4 ) with the initial alkalinization rate as a func-
tion of external pH (Fig. 2). Since the aquaporin dependent
rate of internal alkalinization is proportional to the concentra-
tion of external NH3, the uncharged ammonia (NH3), rather
than the ionic ammonium ðNHþ4 Þ is the nitrogen species trans-Fig. 3. The initial slope of the change in ﬂuorescence intensity correspondin
yeast cells expressing TaTIP2;2 shows a similar pH dependence as the re
Hasselbalch equation. The concentration of NHþ4 is rather constant over the e
the initial slope. The initial slope has been determined from the average of 1ported by TaTIP2;2. This, together with the data presented in
Fig. 1, clearly indicates for a dual function of the TaTIP2;2
aquaporin, facilitating water and gas (NH3) transport across
biological membranes.
In non-induced yeasts, transport of both, H2O and NH3,
was strongly dependent on temperature, as indicated by theg to an intracellular alkalinization after addition of 25 mM NH4Cl to
spective NH3 concentration calculated according to the Henderson–
ntire pH range tested with a slight tendency in the direction opposite to
0 traces at each pH value. Experimental conditions as in Fig. 1B.
Fig. 4. TaTIP2;2 mediated water transport is mercury insensitive, but transport of NH3 is strongly inhibited by 1mM HgCl2. (A) Change in the
intensity of scattered light corresponding to a volume increase of TaTIP2;2 expressing protoplast induced by a 300 mosmol hypotonic shift at 20 C.
(B) Increase in ﬂuorescence intensity indicating intracellular alkalinization after addition of 25 mM NH4Cl to intact cells expressing (‘‘induced’’) or
not expressing (‘‘not induced’’) TaTIP2;2. Ammonia transport was strongly inhibited by 1 mM HgCl2 in cells expressing TaTIP2;2 (‘‘induced’’). The
mercury treatment had only a minor eﬀect on the aquaporin-independent NH3 uptake (‘‘not induced’’). Protoplasts (A) and intact cells (B) were
exposed to 1 mM HgCl2 for 10 min at room temperature. All other experimental conditions were as for experiments shown in Fig. 1.
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tively. Thus transport of H2O and NH3 was reﬂected by a high
activation energy Ea (37.6 kJ mol
1 for H2O; 75.7 kJ mol
1 for
NH3), which is characteristic for transport through the lipid bi-
layer. Upon expression of TaTIP2;2, the activation energy was
drastically reduced to 12.2 kJ mol1 (for H2O) and
11.3 kJ mol1 (for NH3), demonstrating that in the aquaporin
expressing yeast strain transport of both substrates was medi-
ated by an enzyme (TaTIP2;2). It should be noted that the host
strain (31019b, [11]) used in this study was derived from strain
R1278b [12], which was reported to express functional endog-
enous aquaporins, namely AQY1 and AQY2. As a result from
functional AQY1 and/or AQY2 expression, low temperature
dependence and therefore low activation energy would be ex-
pected also in the glucose grown, non-induced strain. How-
ever, the Arrhenius plots from glucose grown 31019b strain
and from strain BJ5458 [15] lacking functional AQY1 and
AQY2, superimpose (Fig. 3A, triangles), suggesting only very
minor, if any water channel activity in 31019b.
Aquaporin conductivity can be blocked by mercurial com-
pounds, which has been shown to depend on the presence of
cysteine residues at deﬁned positions adjacent to the NPA-mo-
tif in hAQP1 or in hAQP2, i.e. cysteine residues C189, respec-
tively, C181 [16,17]. In the tonoplast intrinsic proteins aTIP
and cTIP cysteine residues at positions C116 or C118, respec-
tively, which are at a conserved position in a predicted mem-
brane spanning domain, were identiﬁed as the mercury
sensitive sites [18]. No cysteine is found at the corresponding
position of the wheat aquaporin TaTIP2;2. Consequently,
water transport activity of TaTIP2;2 was found to be com-
pletely insensitive to mercurials (Fig. 4A). However, transport
of the second substrate NH3 was severely impaired by 1 mM
HgCl2 in TaTIP2;2 expressing yeast (initial slope:
1.08 ± 0.17 s1 before and 0.2 ± 0.02 s1 after Hg2+ treatment;
n = 27 each from 3 independent preparations). The eﬀect on
background NH3 transport in non-induced yeast was negligi-
ble (Fig. 4B; overall 0.076 ± 0.006 s1 before and
0.071 ± 0.005 s1 after Hg2+ treatment; n = 10), excluding anunspeciﬁc eﬀect of the heavy metal compound on NH3 trans-
port measurements.4. Discussion
Our data provide unequivocal evidence that transmembrane
transport of water and NH3 is facilitated by the function of
TaTIP2;2 when expressed in yeasts. Relying on the determina-
tion of activation energies it is furthermore evident that the
perceived NH3 conductivity was based on the activity of the
aquaporin and not due to side eﬀects. Moreover, our data
strongly suggest that NH3 rather than NH
þ
4 was transported,
since the rates of ﬂuorescence increase corresponded to the
concentrations of the gaseous NH3, but not to the ionic
NHþ4 . In mercury sensitive TIPs, heavy metal inhibition of
water transport has been shown to critically depend on the
presence of a cyteine residue (C118 in cTIP), located C-termi-
nal of the ﬁrst NPA-motif and probably projecting into the
water pathway in each monomer. Consistent with the lack of
a cysteine residue at the corresponding position in TIP2;2
(A117), water transport was not aﬀected by mercury even at
millimolar concentrations. However, the NH3 conductivity
was blocked under these conditions, suggesting NH3 perme-
ation by this aquaporin to follow a pathway separate from that
of water. Molecular dynamics studies revealed that gases like
CO2 or O2 could pass the central pore that is formed in a tet-
rameric aquaporin structure [19,20], which is the obvious can-
didate also for gaseous NH3 conduction in TaTIP2;2.
Consistent with this, three cystein residues can be found in Ta-
TIP2;2 at sites diﬀerent from that known to be critical in mer-
cury sensitive TIPs, but none of these three cysteine residues
would be expected to project into the monomeric water pore.
In fact, one of the cysteine residue in TaTIP2;2, namely C63,
is predicted to be located in the second transmembrane helix
(TM2) and exposed towards the central pore, whereas the
other two cysteins (C123 and C237) are found in the linker
connecting TM3/TM4 and at the very C-terminal end of the
A. Bertl, R. Kaldenhoﬀ / FEBS Letters 581 (2007) 5413–5417 5417protein, respectively. Therefore, C63 might be a candidate in-
volved in mercury sensitivity of NH3 transport through the
central pore. However, it should be noted that mutants of
the bacterial aquaporin AqpZ, which had all endogenous cys-
teine residues mutated to serine, still showed inhibition of
water transport by mercury [21], presumably via a steric inhi-
bition mechanism and not involving signiﬁcant conforma-
tional rearrangements upon mercury binding. If such a
mechanism would apply to NH3 inhibition as well, identiﬁca-
tion of the observed mercury inhibition of NH3-transport with
one particular residue within the central pore of TaTIP2;2
would be impossible. Taken together, the data presented here
support the above-mentioned theoretical conclusions from
molecular dynamics studies and show that gas and water per-
meability were facilitated by an aquaporin in a living organ-
ism, but diﬀerent pathways through the protein are
postulated for the two substrates.
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